Introduction
Microbes are abundant in the human body. In fact, up to 100 trillion microbe cells are found in the human body, outnumbering human cells by 10-fold and encoding 100-fold more unique genes than found in the human genome. Most of these microbes live in the gut, and metagenomic sequence studies have shown that between 1,000 and 1,150 of the most prevalent bacterial species are shared by humans, whereas roughly 160 of these are harbored individually by each person [1] . Extensive studies aided by recent technological advancements and innovative experimental approaches have demonstrated links between intestinal microbiota and human health. This has also led to a growing interest in understanding intestinal microbiota in kidney diseases. This can be appreciated from the fact that a broad PubMed search with the key words 'kidney disease' and 'intestinal microbiota' led to 12 items, 9 of which were published in 2013-2014 ( table 1 ). However, only a small subset of these studies represent original research work investigating intestinal microbiota in animal models of kidney diseases or in human kidney diseases.
Ischemia-reperfusion injury and nephrotoxin-induced acute kidney injury (AKI) are significant problems in native and transplanted kidneys and involve multiple
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The pathophysiology of acute kidney injury (AKI) involves multiple and overlapping immunological, biochemical, and hemodynamic mechanisms that modulate the effects of both the initial insult and the subsequent repair. Limited but recent experimental data have revealed that the intestinal microbiota significantly affects outcomes in AKI. Additional evidence shows significant changes in the intestinal microbiota in chronic kidney disease patients and in experimental AKI. In this minireview, we discuss the current status of the effect of intestinal microbiota on kidney diseases, the immunomodulatory effects of intestinal microbiota, and the potential mechanisms by which microbiota can modify kidney diseases and vice versa. We also propose future studies to clarify the role of intestinal microbiota in kidney diseases and to explore how the modification of gut microbiota may be a potential therapeutic tool.
overlapping pathophysiological mechanisms such as inflammation, apoptosis, hemodynamic changes, and oxidative stress [2] . AKI can also increase the incidence of end-stage renal disease (ESRD) and the risk of developing chronic kidney disease (CKD). Recent data indicate that intestinal microbiota can modify AKI. In this minireview, we will discuss the current information available on intestinal microbiota in the context of kidney diseases and make suggestions for future research.
Renal Effects of Intestinal Microbiota
The 'hygiene hypothesis' postulates that a lack of early exposure to infectious agents, symbiotic microorganisms, and parasites increases the susceptibility to immune-mediated diseases by suppressing the natural development of immune tolerance [3] . Based on this concept, Jang et al. [4] performed the initial study examining the effect of gut microbiota on ischemia-induced AKI. Germ-free status led to significantly worse structural and functional renal injuries plus cellular and soluble inflammation after AKI. Germ-free mice with AKI had higher serum creatinine levels and increased tubular injury compared to control mice. Repopulation of germ-free mice with wild-type (WT) gut microbiota (conventionalization) protected them from the higher injury susceptibility and transformed them closer to AKI in control mice. Analysis of germ-free kidneys at baseline (no ischemia-reperfusion injury) showed high IFN-γ and low IL-4 levels as compared to WT mice. This suggested that kidneys of germfree mice may have a T helper 1 (Th1) type response sim- 141 ilar to that seen in autoimmune disease. It was further postulated that a reduced stimulation of regulatory T cells during development may be one of the reasons for the excessive damage observed in germ-free mice; however, no significant difference in regulatory T cell population between germ-free and WT mice was observed. Changes in intestinal microbiota have also been found in studies on AKI-to-CKD transition and ESRD [5] . In a recent study by Vaziri et al. [5] , uremia and dietary and pharmacologic interventions were found to alter intestinal microbes in ESRD patients. They found marked differences in the abundance of 190 bacterial operational taxonomic units (a DNA sequence that represents a species or group of similar species) between ESRD and control patients. They also studied this in rats and found a difference in the abundance of 175 operational taxonomic units between uremic and control animals. Vaziri et al. [5] speculated that uremia directly or indirectly affects the composition of gut microbiota, and translocation of bacterial products across the leaky intestinal barrier activates the immune system, resulting in systemic inflammation associated with ESRD and CKD. Additional evidence suggests that microbial dysbiosis (imbalanced microbial dynamics) and bacterial translocation to the systemic and lymphatic circulation contribute to microinflammation in ESRD patients and experimental uremia in rats [6] . McIntyre et al. [7] showed that circulating bacterial endotoxin/LPS levels increase along with the stages of CKD, and they are highest in patients on hemodialysis or peritoneal dialysis. Similar metabolic changes can be speculated to induce dysbiosis in AKI; however, the exact mechanisms are unknown.
Gut Microbiota-Immune System Interaction in Kidney Disease
It is believed that the complex and dynamic interactions between microbiota and humans are the culmination of nearly half a billion years of coevolution. The emergence of adaptive immunity in vertebrates sets the stage for an advanced symbiotic relationship with the intestinal microbiota and affords a mechanism to tailor specific immune responses to diverse types of microbes. Fig. 1 . Kidney-intestinal microbiota cross talk depends on microbe-generated and kidney-generated factors. A balance between symbionts and pathobionts ensures intestinal barrier integrity and normal kidney function. Similarly, healthy kidneys communicate with intestinal microbiota through cellular and molecular signals to ensure a normal kidney-gut microbiota homeostasis. Breakdown of this balance due to either AKI or overgrowth of pathobionts in the intestine promotes loss of intestinal barrier integrity, activation of immune cells, and cytokine secretion that further deteriorates kidney function and symbiosis. DC = Dendritic cells. Figure modified from Anders et al. [18] . Breakdown of this evolutionary relationship, leading to dysbiosis, may be a significant cause of disease ( fig. 1 ) [8] . In immunocompetent mice, intestinal colonization stimulated the production of secretory IgA, the differentiation of effector Th1, Th2, and Th17 cells, and the development of regulatory T cells [9] . Although the exact impact of gut microbiota on the host immune system and the kidney is still being unraveled, Jang et al. [4] demonstrated the important finding that germ-free mice kidneys had higher NKT cell numbers at baseline but did not have differences in the percentages of total T cells, CD4 cells, CD8 cells, and total B cells [4] . Furthermore, IR-induced AKI resulted in a greater number of CD8 T cells trafficking into postischemic kidneys in germ-free mice, which resulted in an overall increase in total T-cell trafficking. There was no difference in the percentages of total CD4 T cells, total B cells, and NKT cells among kidney mononuclear cells isolated from the two groups. A recent study by Wingender et al. [10] found that intestinal microbes induce phenotypic and functional changes in invariant natural killer T (iNKT) cells. They found that the introduction of Sphingomonas bacteria into germ-free mice fully established phenotypic maturity in iNKT cells, whereas the introduction of Escherichia coli did not. Furthermore, they found that iNKT cells responded to microbes independently of Toll-like receptor and T-cell receptor signaling. Additional data suggest that Cd1d, an MHC class I-related protein, and NKT cell activation through sphingolipids regulate intestinal colonization [11] . The current understanding of the immunomodulatory effects of intestinal microbiota in CKD/ESRD patients is increasingly recognized in the polarization of T-cell subsets and natural killer T cells [12] . Immunomodulatory effects of the intestinal microbiota in CKD/ESRD may include the induction of Th17 cells that can drive immunopathology, similar to that observed by Lee et al. [13] in the central nervous system.
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Molecular Mechanism of Microbiota-Induced Kidney Effects
Although emerging data have clearly established the role of gut microbes in many different disease conditions and indicated the involvement of different types of immune cells responsible for phenotypic changes, there is an opportunity to elucidate molecular mechanisms to explain microbe-induced changes in the host response. Recent work by Pluznick et al. [14] demonstrated that short-chain fatty acids (SCFA) produced by intestinal microbiota, and olfactory receptor 78 (Olfr78) present in the kidney, play a critical role in microbe-induced changes in kidney function [14] . SCFA such as acetate and propionate, a subgroup of fatty acids that contain an aliphatic tail, are end products of fermentation by gut microbiota and are absorbed into the circulation. Using Olfr78-null mice, they found that Olfr78, a type of G protein-coupled receptor, is expressed in the juxtaglomerular apparatus of the kidney where it modulates renin secretion in response to SCFAs. Antibiotic treatment has been shown to reduce the biomass of gut microbiota, and it also modulates blood pressure in Olfr78 knockout mice. Furthermore, G protein-coupled receptor 41 (Gpr41), another SCFA receptor, is expressed in smooth-muscle cells of small resistance vessels and appears to be responsive towards SCFA. Propionate, an SCFA shown to induce vasodilation ex vivo, produces an acute hypotensive response in WT mice. This effect is differentially modulated by disruption of Olfr78 and Gpr41 expression. Thus, both Olfr78 and Gpr41 respond to SCFA to modulate blood pressure. However, the role of Gpr41 in AKI and its contribution to the modulation of intestinal microbiota have not been tested. Newer data show that sphingolipids produced by intestinal microbiota regulate the homeostasis of iNKT cells. Further investigation of these molecular mechanisms is required to fully clarify the role of intestinal microbiota in kidney diseases.
Future Studies and Potential Therapeutic Use of Microbes in Kidney Diseases
While microbiota is an increasingly studied area of many human diseases, there is a relative lag in microbiota-related studies in kidney diseases. Preliminary work by Peterson et al. enumerated and speciated the colonic microbial pattern after both ischemic and cisplatin-induced AKI [15] . This and other studies have led to many new questions, such as: what are the detailed effects of AKI on intestinal microbiota dynamics? Does the intestinal microbiota play a role in AKI-CKD transition and mortality rates? How does the selective repopulation of specific strains affect kidney injury and outcomes? What are the molecular mechanisms by which colonic flora signal to the kidney? What are the effects of gut microbiota on distant organs in AKI and how can diet modulate intestinal microbiota-mediated changes in kidney function?
Intestinal Microbiota and Kidney Disease Current treatment options for kidney diseases are only supportive in nature, and novel approaches are required to improve kidney disease outcomes. Studies on microbiota in kidney diseases hold great potential for improving our understanding of the underlying mechanisms and developing future therapeutics.
